IMPORTANCE White matter hyperintense lesions (WMHs) are highly prevalent in patients with reversible cerebral vasoconstriction syndrome (RCVS); however, their characteristics and underlying pathophysiology are unclear.
R eversible cerebral vasoconstriction syndrome (RCVS) is a neurovascular disorder characterized by abrupt, severe (mostly thunderclap) headaches and reversible segmental vasoconstriction of cerebral arteries. [1] [2] [3] Headaches in RCVS usually repetitively occur in 2-week to 3-week periods after disease onset, whereas the vasoconstrictions might take up to 3 months to resolve. 4, 5 Up to one-third of patients with RCVS experience complications, such as posterior reversible encephalopathy syndrome (PRES), ischemic stroke, intracranial (ie, cortical, intracerebral, or subdural) hemorrhage, 4-10 or cervical artery dissection. 11 White matter hyperintensities (WMHs), 5, 12 hyperintense vessels on fluid-attenuated inversion recovery (FLAIR) imaging, 12, 13 or leakage of the bloodbrain barrier 14 might be the only imaging findings in patients without overt vasoconstrictions on initial angiographic studies, 5,13 making diagnosis challenging in some cases.
Although WMHs on neuroimaging are more commonly seen than ischemic or hemorrhagic complications in patients with RCVS, 5, 12 to our knowledge, there have not yet been any studies that have focused on investigating their nature. The anatomical distribution of these WMHs has not been well characterized. However, in a preliminary study, 12 we observed an apparent tendency for WMHs to be located in brain regions supplied by anterior circulation. The dynamic changes and pathomechanism associated with these WMHs also remain to be elucidated. In particular, it is not known whether RCVSassociated WMHs reflect lesions that are similar to the white matter lesions observed in other neurological disorders and aging [15] [16] [17] [18] [19] [20] or have their own disease-specific characteristics.
Because WMHs have been known to predict increased risks of stroke, dementia, and death, 19 imaging changes are frequently asked by both patients and clinicians. It is important to know if the WMHs lesions in patients with RCVS could accumulate or disappear with time, leading to significant burden of the brain. Our goals in this study were 2-fold. First, we investigated the spatial distribution and temporal evolution of WMHs in patients with RCVS. Second, we explored the possible pathogenesis of these WMHs by analyzing whether their loads correlated with vascular parameters.
Methods

Participants and Clinical Settings
The study protocol was approved by the Institutional Review Board of Taipei Veterans General Hospital. All participants provided written informed consent before entering the study. All clinical investigations were conducted according to the principles expressed in the Declaration of Helsinki. We recruited patients with RCVS prospectively from the headache center or emergency department of Taipei Veterans General Hospital, Taipei, Taiwan, a 2947-bed national medical center, over a 3-year period from January 2010 through December 2012. Reversible cerebral vasoconstriction syndrome diagnosis was based on the criteria we reported previously (Box). 21 These criteria were based on the essential diag- with the exception of duration criterion D, which states that the headache (and neurological deficits, if present) should resolve spontaneously within 2 months. 21 We confirmed retrospectively that all these patients fulfilled the proposed criteria for "headaches attributed to RCVS" in the International Classification of Headache Disorders, third edition, beta version (code 6.7.3).
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Diagnostic Evaluations, Treatment, and Follow-ups
The diagnostic procedures and interventions administered to the patients have been detailed elsewhere and are summarized in the Box. 5, 6, 21 Briefly, within the first 2 days after the patient was seen, all clinical, neuroimaging, and laboratory investigations were performed to confirm cerebral vasoconstrictions and to exclude all other possible causes of thunderclap headaches, especially aneurysmal subarachnoid hemorrhage. Patients underwent oral (30-60 mg/4 hours) or intravenous (0.5-2 mg/hour) nimodipine therapy with close blood pressure monitoring immediately on being diagnosed with RCVS. Sequential magnetic resonance angiography and transcranial color-coded sonography were performed to ensure the reversibility of vasoconstrictions. All patients were followed up with regularly at the headache clinics until there were no more thunderclap headache attacks and marked improvement or complete resolution of the vasoconstrictions.
Quantification of WMHs
In addition to the conventional magnetic resonance imaging (MRI) sequences routinely obtained for patients with RCVS, 21 we obtained isotropic 3-dimension FLAIR sequences with a 1-mm slice thickness using a 3-T MRI machine (MR750; GE Medical Systems) to enable identification of WMHs at the time of study enrollment and at follow-ups ( Figure 1A) . The follow-up scans were performed 1 and/or 2 months after entering the study, with variations of up to 1 week, depending on the patients' clinical conditions and MRI machine availability. Sagittal isotropic 3-dimension FLAIR images were acquired with a fast spin-echo sequence with inversion recovery preparation and variable refocusing flip angles (repetition time/echo time = 6000/128 milliseconds; inversion time = 1864 milliseconds; field of view = 256 × 256 × 180; matrix size = 512 × 512; slice thickness = 1 mm). All
Key Points
Question What are the dynamics and pathogenesis of white matter hyperintensities in patients with reversible cerebral vasoconstriction syndrome?
Findings In this cohort study including 65 patients, white matter hyperintensity loads peaked in the third week postonset and fell to a minimum in the fourth week, which correlated strongly with the severity of vasoconstriction and carotid pulsatility index.
Meaning
The dynamic white matter hyperintensities in patients with reversible cerebral vasoconstriction syndrome may be attributed to regional hypoperfusion and transmission of high pulsatile flow to microcirculation.
images were acquired parallel to the anterior commissureposterior commissure line. Each participant's head was immobilized with cushions to minimize motion artifacts during image acquisition.
To increase the accuracy of subsequent WMH segmentation with FLAIR imaging, we performed skull stripping using the Brain Extraction Tool 24 on FLAIR images directly to remove any nonbrain tissue component and thereby obtain a brain mask. The skull-stripped FLAIR images were then used as initial inputs for automatic WMH segmentation procedures using similar protocols we adopted previously ( Figure 1B and C).
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Before WMH segmentation, the nonparametric nonuniform intensity normalization approach 26 (iterations = 150; stop threshold = 0.0001; distance = 55 mm) was applied on skullstripped FLAIR images to account for intensity nonuniformity. White matter hyperintensities were segmented automatically in skull-stripped intensity-normalized 3-dimension FLAIR images with the FLAIR lesion segmentation toolbox. 27 We used a 4-step automated protocol:
(1) noise-reduction filtering; (2) removal of clearly hyperintense voxels; (3) 2-class fuzzy C-means clustering; and (4) thresholding to segment probable WMHs. White matter hyperintensity segmented images were viewed in the same dimension as the native space FLAIR images.
To investigate potential correlations between clinical characteristics, severity of vasoconstriction, and regional WMH volume, we analyzed periventricular (≤13 mm from ventricles) and deep (>13 mm from ventricles) WMHs separately 28 and divided the brain into 13 subregions based on major anatomical segments: bilateral frontal lobes, parietal lobes, limbic areas, subcortical areas, temporal lobes, occipital lobes, the brainstem, and the cerebellum. The anatomical divisions were delineated using the Wake Forest University PickAtlas ( Figure 1B and C).
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Because high-resolution T1-weighted images were not available for all participants, we used the FLAIR template provided online (https://brainder.org/download/flair/) as the reference image for registering patients' native space FLAIR images into MNI standard space. Each inverse transformation matrix from the MNI standard space to native space was calculated by nonlinear spatial normalization implemented in Statistical Parametric Mapping (SPM8; Wellcome Institute of Neurology) and then applied to the parcellation atlas to generate atlases in individual native space. The resultant individual brain atlases were applied to patient-corresponded WMH. Total WMH volumes were then determined for each location and corrected for total intracranial volume. Of note, any lesions attributable to ischemic stroke, intracerebral hemorrhage, or PRES were removed manually from the analysis. Because PRES lesions could also appear hyperintense on FLAIR imaging, PRES lesions with the signal changes on apparent diffusion coefficient mapping and diffusion-weighted imaging judged by an experienced neuroradiologist (J.F.L.) were excluded from final analysis. The volumes of the PRES lesions were markedly larger in comparison with those of the WMHs that we studied (eFigure 1intheSupplement). All WMH quantification procedures were performed and cross-validated by investigators (K.H.C., C.C.H., and Y.H.H.) blinded to clinical data and magnetic resonance angiography findings.
Calculation of Vascular Parameters
Mean flow velocities of the middle cerebral artery (MCA) and the Lindegaard index (LI), calculated by dividing the mean flow velocity of the MCA by the mean flow velocity of the ipsilateral distal extracranial internal carotid artery (ICA), were taken as representations of vasoconstriction severity, as previously described. 4 We also evaluated several additional vascular parameters for hypothesis generation in this exploratory study. The pulsatility index (PI) and resistance index (RI) of the ICA and MCA (including distal and proximal portion of the first segment of the MCA [M1], separated by a distance of 20 mm) were used to evaluate intracranial vascular compliance and resistance. Because the PI in large cerebral arteries decreases from proximal to distal 30 and can be affected by the location and length of vasoconstriction, we calculated the mean PI in the distal and proximal M1 segments of both MCAs. 14 The mean RI in the distal and proximal M1 segments of both MCAs was calculated in a similar way. The mean RI ratio along M1 (ie, distal RI to proximal RI), which has been shown to reflect the pulsation of penetrating arteries ramified from M1 (ie, the major blood supplier of periventricular and subcortical white matter) and to be associated with aging-related WMH progression, was also analyzed. 
Statistical Analysis
The primary outcome of this study was the spatial and temporal distribution of WMHs in the brains of patients with RCVS. The secondary outcome was to explore the association between vascular parameters and WMH loads. Descriptive statistics are presented as means and standard deviations, medians and ranges, or numbers and percentages. Pearson correlational analysis was used to examine relationships between WMH loads and clinical parameters. Time trend curves for WMH volume and LI were derived by the distance-weighted least squares method, which fit the smoothing curves by the following procedure: a polynomial (second-order) regression was calculated for each value on the X-variable scale (days from disease onset) to determine the corresponding Y value (WMH volume or LI) such that the influence of individual data points on the regression (ie, the weight) decreased with their distance from the particular X value. 31 All calculated P values were 2-tailed; statistical significance was defined as a P value less than .05. Because the hypothesis-generating part of this study was exploratory, we did not correct for multiple comparisons. The analyses were performed with SPSS Statistics software package version 23.0 (IBM) or Statistica 10 (TIBCO Software).
Results
Participants
The screening process of participants is summarized in eFigure 2 in the Supplement. In total, 110 patients with 2 or more thunderclap headaches were screened, 4 were identified to have other secondary causes, and 21 were diagnosed as having probable RCVS. Among the 85 patients with RCVS approached, 4 declined to participate, 5 declined follow-up scans, 6 were lost to follow-up, and 5 had suboptimal images. ingestion of pseudoephedrine (n = 3) or sibutramine (n = 1), massive blood transfusion (n = 1), and right vertebral artery dissection (n = 1). Of these patients, 3 had PRES, one of whom also had intracerebral hemorrhage. One of these patients had ischemic stroke, and another had cortical subarachnoid hemorrhage.
WMH Characteristics
The mean (SD) duration of the first image from disease onset in this cohort was 12.2 (7.0) days. In almost all cases (64 patients [98.5%]), WMHs were observed on the initial isotropic 3-dimension FLAIR imaging scan. None of these lesions were gadolinium-enhancing lesions or had restricted diffusion in diffusion-weighted images. The WMHs were located predominantly in the frontal lobe (40% to 52%) and in periventricular areas (68% to 80%) at all time points; WMHs were scarce in the brainstem and cerebellum (Figure 2 ) (eTable 2intheSupplement). The total WMH volume was dynamic over the disease course (Figure 3) ) was noted during the third week after headache onset. A similar change in volume dynamics was observed for periventricular but not deep WMHs specifically (Figure 2 ) (eTable 2 in the Supplement). With respect to anatomical segments, WMHs in frontal, parietal, and limbic areas exhibited dynamic changes similar to total WMHs (ie, maximal in the third week), whereas the dynamic changes, owing to less lesion volume, were not statistically significant in temporal, occipital, or subcortical areas. When periventricular and deep WMHs within each anatomical location were analyzed separately, we found that periventricular frontal and limbic WMHs retained the aforementioned temporal trend (ie, maximum volume in the third week). Among deep WMHs, only those in the parietal lobe exhibited similar dynamic changes over time (Figure 2) ; 95% CI, −0.99 to −0.34; P < .001).
Exploratory Correlational Analyses Between WMH Volume and Vascular Parameters
The temporal trend of total WMH load (ie, summed WMH volume) was similar to that of vasoconstriction severity, as indicated by LI (eFigure 3 in the Supplement). Considering the disease course in its entirety, there was a significant correlation between total WMH load and LI for periventricular WMHs (r = 0.236; P < .001) but not deep WMHs (r = 0.059; P = .39) (Table) . In the second week, the correlation between LI and total WMH load was very strong (r = 0.906; P < .001) and could be found for both periventricular and deep white matter. The WMH load-LI correlation remained remarkable in the third week (r = 0.640; P = .008) but became marginal when the WMHs were divided into periventricular and deep subgroups (Table) .
For the entire disease course, both periventricular and deep WMH volumes correlated with PI and RI for the ICA, with a particularly strong correlation in periventricular frontal white matter. Similar to PI and RI for the ICA, the mean PI in the distal and proximal M1 correlated with the volume of WMH majorly for the periventricular WMH; the mean RI in the distal and proximal M1 segment had a similar trend of association with periventricular WMH, but the association was weaker than the mean PI in the distal and proximal M1. The mean RI ratio along M1 did not correlate with WMH volumes in any specific anatomical location (eTable 3 in the Supplement).
Correlation Between Clinical Parameters and WMHs
All examined clinical parameters, including age, sex, preexisting hypertension, migraine, menopausal status, types or numbers of headache triggers, blood pressure surge, numbers and durations of thunderclap headaches prior to sample collection, and accompanying symptoms, such as nausea, vomiting, and photophobia or phonophobia, were not associated with WMH volume (eTable 4 in the Supplement). Because the sample sizes in different time intervals were limited, only the WMH loads at the first scan were used to correlate with clinical parameters. 
Discussion
Based on our implementation of high-field, high-resolution isotropic 3-dimension FLAIR imaging with a novel WMH segmentation technique, we developed a systemic characterization of the spatial distribution and temporal evolution of WMHs in patients with RCVS. We found that the WMHs in RCVS waxed and waned in a dynamic pattern distinct from that seen in other physiological processes (ie, aging) and pathological white matter disorders. Although our study design did not allow us to address the long-term outcomes, our longitudinal results indicate that these RCVS-related lesions could at least partially be reversible within the 3-month observation period. This finding deserves attention and should be known by both clinicians and patients. Dynamic changes in WMH volumes, especially periventricular WMH volumes, resembled the temporal trend in vasoconstrictions, which we determined previously by transcranial color-coded sonography and magnetic resonance angiography. 4, 5 This parallel indicates that vasoconstriction of major cerebral arteries may contribute to the rapid development and resolution of WMHs in RCVS. Although our study could not confirm causality directly, the strong association between WMH load and LI, especially during the second (r = 0.906) and third (r = 0.640) weeks after disease onset, suggests that WMH load during this period could be a disease severity marker that allows us to visualize the progression of disease. Interestingly, this dramatic wax-and-wane phenomenon of WMHs within a period of only a few weeks has not been demonstrated in other neurovascular disorders. Although our study did not include a control group, 1 previous study 32 that involved a large cohort of similarly aged community residents (aged 44 to 48 years; n = 428) provides a tentative basis for comparison. The mean WMH load in that cohort was 0.278 cm 3 , which is less than a third of the nadir WMH load (1.00 cm 3 ) and less than a tenth of the peak WMH load (3.05 cm 3 ) observed in this group of patients with RCVS. However, it should be noted that the size of the same lesion measured by the 2 different imaging techniques might not be completely the same.
Periventricular WMHs accounted for 68% to 80% of the total WMH load (variance along disease course) in RCVS, with periventricular frontal WMHs accounting for roughly half of all observed WMHs. This anatomical distribution is distinct from the WMHs in patients with migraine, in which deep white matter rather than periventricular white matter is more frequently affected. 17 The spatial distribution of WMHs in these patients was, relatively, more similar to that in elderly individuals, particularly with small ischemic vascular diseases, 33, 34 suggesting that it might be consequent, at least partially, to hypoperfusion because periventricular white matter is known to lack collateral circulation and to be vulnerable to ischemic events related to local or systemic perturbations in circulation. 33, 34 However, the different spatial distribution of WMHs observed here vs in patients with ischemic stroke or PRES suggests that hypoperfusion is unlikely the sole cause. It is possible that the dampening capacity of MCA to extracranial pulsatile blood flow was overwhelmed despite increased impedance attributed to vasoconstriction, which imposes excessive pulse pressure to the perforating arteries ramifying from the M1 stem and may eventually lead to increased microvascular damage, increased vascular permeability, and impaired solute clearance via the perivascular glymphatic system.
Strengths and Limitations
This study had several strengths, including a wellcharacterized cohort with diagnoses ascertained by headache experts using validated criteria, a large quantity of highresolution images obtained from the same high-field MRI machine with a standardized protocol, and automatic and biasfree methods of WMH quantification and segmentation. This study also had limitations. First, all of the patients received nimodipine treatment, which could have altered the clinical course. Based on a prior study, 35 our practice was to treat RCVS with nimodipine therapy, which may differ from practices at other institutions and may have influenced these data. Importantly, with judicious dose monitoring and adjustment, none of the patients experienced hypotension during the therapeutic course, excluding the possibility that pathogenic hypoperfusion was caused by the medication. Second, we did not correct our P values for multiple comparisons considering the exploratory nature of the study, the small sample sizes after subgrouping, and the possibility of overcorrection owing to high collinearity of the studied vascular parameters. These analyses involving multiple comparisons might be underpowered, and the significance derived from these findings should be interpreted with caution. Furthermore, the lack of consistency in the repeated scans obtained in different follow-up periods makes it difficult to draw firm conclusions about the influence of clinical covariates. The heterogeneity of the interval between the first image and disease onset might also have affected findings. Future studies are needed to investigate to validate our findings.
Conclusions
White matter hyperintensity lesions in RCVS have a diseasespecific dynamic spatiotemporal evolution that parallels severity of vasoconstrictions. The pathogenesis of WMHs in patients with RCVS may be associated with regional hypoperfusion, impaired dampening capacity of cerebral arteries or arterioles to central pulsatile flow, and microvascular damage. White matter hyperintensities in patients with RCVS are partially reversible, which should be known by both clinicians and patients. Vertical lines in the background indicates mean ± standard deviation of white matter hyperintensity loads (blue) and the Lindegaard index (red).
